Abstract. The aim of this paper is to systematically compare k-e and MeliorYamada two-equation turbulence models. Both models include prognostic equations for turbulent kinetic energy and a length scale related parameter which are used to calculate eddy viscosities and vertical diffusivities. The results from laboratory experiments, using mixed and stratified flows, are simulated in order to systematically compare and calibrate the models. It is shown that the MoninObukhov similarity theory is well represented in both models. The models are used to simulate stratified tidal flow in the Irish Sea, and the results show that the k-e models generally predict a larger phase lag between currents and turbulent dissipation, in the bottom boundary layer, than the Mellor-Yamada models. The comparison between the model results and field measurements, of the rate of dissipation of turbulent kinetic energy, shows that both models require modification through the inclusion of an internal wave parameterization in order that they are able to correctly predict the observed levels of turbulent dissipation. As the main result, it is shown that the choice of the stability functions, which are used as proportionality factors for calculating the eddy viscosity and diffusivity, has a stronger influence on the performance of the turbulence model than does the choice of length scale related equation.
Introduction
The vertical structure and thereby the vertical fluxes of organic matter and primary production within estuaries and coastal seas are largely controlled by the vertical mixing and therefore the vertical distribution of turbulence in the water column [Denman and Gargett, 1995] . First-order accounts of the evolution of the density structure have been given in terms of bulk models which are closed by simplifying assumptions as, for example, constant mixing efficiencies [Kraus and Turner, 1967] or prescribed velocity profiles [Simpson et al., 1991] . Such models, however, do not resolve the vertical structure and cannot therefore be used to inves-equation MY and the one-equation MY model) and bulk models. He found, by simulating the annual cycle of the mixed layer depth recorded at two weathership stations in the Pacific, that the differential models significantly underpredicted the mixed layer depth. By comparing the two-equation Mellor and Yamada [1982] model with a bulk model and a nonlocal model, Large and Crawford [1995] found that the nonlocal model could best predict mixing of the mixed layer deep into the thermocline.
In order to address the deficiencies of differential models, other authors [Mellor, 1989; Kantha and Clayson, 1994] have added parameterizations of mixing in the thermocline, to simulate the effects of shear instability or internal wave breaking. Burchard and Baumert [1995] have compared the standard and the advanced k-s models with algebraic turbulence parameterizations, among them the zeroequation MY model. The k-s models are reported to be easily tunable and give better agreement with observed temperature profiles from the northern North Sea, over a large tuning parameter range. In the work by Burchard and Baumert [1995] , as well as in earlier publications [e.g., Frey, 1991] , the inherent numerical instability of zero-equation turbulence parameterizations has been highlighted. Dissipation measurements in the Irish Sea (which will also be simulated in this paper) have been used by Simpson et al. [1996] for intercomparing different versions of zero-and one-equation MellorYamada models. They found that the measured dissipation rate in the stratified region could only be reproduced by including an internal wave parameterization. This was later confirmed by Luyten et al. [1996b] who used different internal wave parameterizations in order to enable the k-s model under investigation to predict the measured dissipation rates in the strongly stratified region of the flow. One of the internal wave parameterizations presented by Luyten et al. [1996b] will be adopted for the study presented here. O. Petersen (Numerical models of wind induced mixing in stably stratified flows, submitted to Continental Shelf Research, 1997) made a comparison between a standard k-s model without stability functions and the quasiequilibrium MY model, restricted to stably stratified shear driven flow, but included also a two-dimensional flow with horizontal gradients, and was able to obtain similar results with both models. In a theoretical paper, only be directly related to L if the turbulence is in a spectral equilibrium. But as both models use only two parameters for the characterization of the turbulence spectrum and therefore must rely on this principle, Rodi [1987, p. 5311] states that this discussion is "rather academic because both equations are fairly empirical and, with the constants suitably adjusted, perform in a similar manner". Moreover, both of the models are based on the same relation (11) between L and •. These similarities are often hidden in the way the equations are presented.
A systematic intercomparison, including field data, between two-equation k-• and MY models using the same stability functions suggested by Galperin et al. [1988] has, however, not yet been presented. It is our intention that this paper will fill the gap. One obstacle in directly comparing k-e and MY models is the different notation traditionally used for both of the models.
We have therefore decided to translate the MY model into k-e notation and add the corresponding MY notation for those who are more familiar with the latter models.
After presenting the two models in this common notation, boundary conditions (section 2), a discussion of stability functions (section 3) and discretization principles (section 4) are given. The performance of the models will then be compared for basic test cases. These are a purely wind-driven and a purely pressure gradient-driven barotropic channel flow (section 5.1), a 
In modelling of turbulence, the turbulent kinetic energy per unit mass k is an important quantity. It can be modeled as Otk -Oz(VkOzk) --P + B -e, 
Applied to k-e models, this corresponds to a lower limit for the dissipation rate e, which can be calculated using 
Specifications of the Turbulence

Models
In this section the differences between the models are specified and the empirical parameters are given. The stability functions should in principle be independent of the actual model, while their actual calibration is not, and this is discussed in section 3.3.
The k-z Model
The eddy diffusivities for k and z are calculated as
with the Schmidt numbers a• and a,. Parameter a• is generally treated as unity (see Table 1 Table 2 .
Stability Functions
The role of the stability functions is to correct the eddy viscosity and diffusivity for further effects of stratification (stratification effects are already included in the buoyancy production term B on the right-hand sides of the k, the •, and the kL equations). Stability functions generally damp turbulent exchange for stable stratification and enhance turbulent exchange for unstable stratification. Mellor Table 1 ). This set of stability functions is similar to those proposed by Luyten et al. [19964] to be used with k-e models.
Simple constant stability functions have been used in connection with k-e models for a long time [see Rodi, 1980 ]. Here we adopt that principle for some of our k-e ' from (29) and model calculations by using c, and c, For unstable stratification, ce3 has to be positive in order to provide a source for • in pure convection scenarios, that is, in the absense of shear production P.
Here the value c•3 -I suggested by Rodi [1987] has been adopted. It should be noted that the shift from a positive to a negative value for c•3 at neutral stratification (i.e., B -0) does not introduce any discontinuity into the model. shows interesting features (see Figure 5 ). The profile of turbulent kinetic energy using the constant k-e model shows a nearly linear decrease from the surface down to the mixed layer depth. In contrast, the profile resulting from the quasi-equilibrium k-e and the quasiequilibrium MY model has its maximum at 20 m below the surface. The strong dependency on the choice of the stability function can also be seen for the macro length scale L. In contrast, however, the profiles of eddy diffusivity are similar for all models. It can be concluded therefore that the performance of a turbulence model depends critically on the choice of the stability function.
Monin-Obukhov Similarity
The Monin-Obukhov similarity theory relates the fluxes of velocity and buoyancy in a steady state boundary layer to their gradients by means of a length scale de- The phase lag between current and dissipation rate is about 1 hour (for a systematic investigation on such hysteresis effects see Baumert and Radach [1992] ). The reason for this phase lag is that the velocity shear near the bed, and thus the turbulence, have to be transported upwards to the position ds where the dissipation rate and the mean current is measured. This phase lag is reproduced by both models. Figure 9 shows that the k-s model predicts a larger phase lag than the MY model, the difference is about 20 min. The current set of measured dissipation rates is not sufficiently accurate to evaluate which of the models is more realistic. Further investigation into the ability of the models to realistically predict this phase lag is still required. In this study we have used a set of stability functions and an internal wave model which could be replaced by more complex versions available in the literature. It is not, however, within the scope of this paper to discuss the most advanced turbulence models, but to compare the two well-known classes of two-equation turbulence models. We have shown that both MY and k-e models react in a similar way to stability functions and internal wave models. From this we can conclude that improvements to both can be adopted by MY as well as by k-e models.
